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Motivation

e In the conventional 99 quark model,
the sigma meson is one of the scalar ( J* = 0" ) octet.

Y - 1117/7(/(_1'
K*(d5) K'(us) a--ui-dd /u Particle Data Group (2012)
c or f,(500) :
o | £(s3) L I=0, mass = 400 - 550 MeV
(a 7\ 4 /,w;,o
K™ (su) K’(sd)

e Since the sigma meson 1s considered as the chiral partner of pion,
it seems to be related to the mechanism of hadron mass generation.
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The mass of the sigma meso

K™ (su)

%'(sd) 1s too light !

e Since the sigma meson 1s considered as the chiral partner of pion,
it seems to be related to the mechanism of hadron mass generation.

l} <C]hira| partn:> 0’

M. Wakayama

SCALAR Collaboration (Lattice 2014) 3/16



Structure of the sigma meson?

Masses of almost all mesons can be explained by the conventional
qq quark model, ¢y ~ 1.

Physical> N ‘ >
state €0 @

Masses of the scalar mesons can not be explained by the conventional
dq quark model, ¢y ~ 1 . This suggests an importance of the four-
quark states and glueball states 1n the scalar mesons. Cz _ 1)

Physical _
state — & |@ +Cl‘® +CQ‘% +03|

The study for the structure of the sigma mesons 1s important in
understanding the hadron mass generation.
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Neglect the glueball state.

Structure of the sigma meson? | theris a suggestion from

. lattice QCD that the
Our goal is to understand the structure slueball state is heavy.
of the sigma meson using lattice QCD. PRD73, 014516(2006)
Lowest \ __ 2 2 —
) - o] @B) | @) + @) (Se-)
~ two-quark state ? @
laggg = 1

tetra-quark state ?
G’ = 3qeq ® 3geg = 1 B3

&
e molecular state ?

- lgeq®lgeq =1
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Previous works for the scalar mesons
from full lattice QCD
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SCALAR Collaboration, PRD70 (2004) 034504

SCALAR Collaboration, PLB652 (2007) 250

UKQCD Collaboration, PRD74 (2006) 114504
UKQCD Collaboration, PRD74 (2006) 014508

S. Prelovsek et al, PRD79 (2009) 014503
S. Prelovsek et al, PRD82 (2010) 094507

BGR Collaboration, PRD85 (2012) 034508

@ and for K, dg --- ETM Collaboration, JHEP 1304 (2013) 137

There are no study considered @ : @ ,% and these mixing states
at the same time.
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Analysis method

i) a0 ) ) ()

mode
Source All combination Sink
® lasa =1 << lagga =1 @

@ 13q®q®361®q=1@8 3q®q®3q@>q:1@8' @

N
%  1goq ® 1geq = 1 lgeq ® lgeq = 1 : %

Sigma meson propagators
(ytwo—two (t) (Gtwo—tetra (t) Gtwo—molec (t)
G (t) . (tetra—two (t) (ytetra—tetra (t) Gtetra—molec (t)
Gmolec—two (t) Gmolec—tetra (t) Gmolec—molec (t)

We evaluate the coefficients c,, ¢, and ¢,
for the lowest mode with the variational method.
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Diagonal elements

GtWO—tWO(t) _ _(yconn (t) + 2Gvdisc (t)
conn disc
@ @ G/()<,\ The arrows mean the quark lines. G<§ @

\D/
3

Gmolec molec

il A®®@@>

GrereTiea(t) = 2 (Dy(t) + Da(t)) — 2 (A1(t) + A5(t) + A5(t) +A4

D and D’ dlagrarns are dlfference / / ,

of quark line contraction. Gl t + Gy t t —|— G
D'(t) o

Indices mean the

. different of color
H .
@ @ W combination.
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Diagonal elements
GtWO—tWO(t> _ _Gconn<t) + 2gdisc<t)

(Geonn (t) ] Gdisc (t)
@ @ /<,<\/ The arrows mean the quark lines. Q @
—_—> :
\—D/
Gmolec molec [ -

— 3A(t
Gtetra tetra t/—/ —|—D2 A (t +Al +Al —I—A4
D and D’ diagrams are dlfference / /
of quark line contraction. + (Gl(& 2 G )
\D% Indices mean the 9
® - ®:

different of color

W combination.

We neglect the doubly disconnected diagrams, because in PRD 88, 074506 (2013),
they suggest that the contribution of the doubly disconnected diagrams are N order
smaller than one of the singly disconnected diagrams.
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Order estimation in large N_limit

One loop of the color line contributes || One gluon coupling contributes

by the power of N by the power of 1/\/NC.
D(t) 0
~O (N)lx( ! ) ~ 0Q)
c ,—NC
Replacement with
color lines % 0
1
One quark line W ~ O ((Nc)l X (W) ) ~ O (N,)
i C

One color line

One gluon line M@ ~ O ((Nc)1 X ( \/%>O> ~ O(Ne)
Two co%or lines .
S ~o(or+()) - on

We neglect the doubly disconnected diagrams, because in PRD 88, 074506 (2013),
they suggest that the contribution of the doubly disconnected diagrams are N_ order
smaller than one of the singly disconnected diagrames.
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Off-diagonal elements
Gmolec—tWO(t> . \/6{ A( )_|_G<

S I §>@©

Gtetra—two ) = — [—
)= 7%

0o 5 B0

Gmolec—tetra(t) — {—3 (é’l (t) L C~’ ( 4 5 Al t t
-3 Gl t t

@ @@@@

We neglect the doubly disconnected diagrams, because in PRD 88, 074506 (2013),
they suggest that the contribution of the doubly disconnected diagrams are N_ order
smaller than one of the singly disconnected diagrams.
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Off-diagonal elements

(ymolec—two (t) = { —PS(‘Q
‘e ®

Gtetra—tWO(t> _ % [_ (Al (t) _|_ V
A(t)
& - @ :
Gmolec—tetra ) _ % -3 (Cu(0) + Co(t)) +5 (A1) + Ax(1)

G @

We neglect the doubly disconnected diagrams, because in PRD 88, 074506 (2013),
they suggest that the contribution of the doubly disconnected diagrams are N order
smaller than one of the singly disconnected diagrams.
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Simulation parameters
Gauge configuration

Two-flavor full QCD configurations
** Wilson gauge action
**» Clover fermion action
Lattice size = 8% x 16 =17 Cs, = 1.68
k = 0.146,0.147,0.148 a = 0.253(3) [fm]

my = 7T91(11), 725(9), 646(10) [MeV] Heavy quark mass
m, = 1116(17),1059(17),1017(20) [MeV]

The calculation has enormous significance in
Quark Propagator establishment of a technique, heavy quark physics

s Clover fermion action | of search for four-quark states and contribution to
< Z, noise method with quark mass dependence for the scalar mesons.

truncated eigenmode approach for disconnected diagrams
# of Noise =120 x 16  # of Eigenvector = 12
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Propagator results before variational method

, K= 0.146 . .
10— ——— Preliminary!
10 G (t) # of Conf. = 12888
1 - ’ Gtet a (t)
107 | YGT(t)
10~ ‘
. 10:2 £ o + | We obtain the clear signals for the
x 10 s oat * . | molecular and tetra-quark propagators
O 10° ! o o |
el * |, . * | Inthe heavy quark sector.
18-7 i * . . * ]
108 | * . T { The two-quark propagator has
10° | .1 | large error bars which come from
10710 | % 1 } | the disconnected diagram.

10! . .
0 2 4 6 8 10 12 14 16

t/a

We perform the variational method for the molecular and tetra-quark propagators.
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Propagator results after variational method

k= 0.1406

10° - Preliminary!
10 i 0 GLowest(t) ]
Excited molec # of Conf. = 12888
1 = “ G (t) | * G (t) =
10_1 [ = A Gtetra(t) =
107 | : R
L 2 = =
107§ X 5 .
? 10_4 ] L 2 B = i TS
= 5[ 4 8 = X A
O 10 ] . ! = o X
10 | ¢ ¢
w0’ .
-8 I * * I
10° | % *
0| it

10 . .
0 2 4 6 8 10 12 14 16

t/a

We obtain the clear lowest mode after the variational method.
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Ratio between molecular and tetra-quark
states and effective mass of the lowest mode

ks S Preliminary!
B Molecular ° MLt (t) | 2.5 # of Conf. = 12888
B Tetra-quark 3
My my, = 791(11) [MeV]
- = = - 1 2.0
R 115 =
o - v
g @ 2
1.0 ¢ 1 1.0
0.8 |
0.6 |
0.4 | 0.5
0.2 |
0.0 * : * 0.0
1 2 3 4 5 6 7 8
t/a
In the initial time region, the molecular = | The ratio of the tetra-quark state increases
state 1s dominant in the lowest mode. with the increasing time.
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Ratio between molecular and tetra-quark
states and effective mass of the lowest mode

dimhidenii S Preliminary!
B Molecular © MEet(t) | 2.5 # of Conf. = 12888
B Tetra-quark 3
My my, = 791(11) [MeV]
== = = = 1 2.0
o - The effective mass of the
= 115 & :
= . o | Jowest mode might have
k i =
o " . Lo two plateaus,
08 | ' the first one consists of
0.6 | the molecular state and
0.4 | | 03 the second one 1s dominant
0.2 of the tetra-quark state.
0.0 * : * 0.0
1 2 3 4 5 6 7 8
t/a
In the initial time region, the molecular = | The ratio of the tetra-quark state increases
state 1S dominant in the lowest mode. with the increasing time.
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Effective masses of the lowest modes

The results are the effective masses

: imi |
for the three different quark masses. Prelimi nary:
Y Y Y Y Y Y Y Y # of Conf. = 12888
2.5 | ] # of Conf. = 10840
2m,_
20 —F—S———— L A
L ° =
$ 15 :
32“5 e 2
30
1.0 |

0 k= 0.146 | mr = 791(11) [MeV]
k= 0.147 | mz = 725(9) [MeV] ¢
°© k= 0.148 | m, = 646(10) [MeV] |
1 2 3 4 5 6 7 8
t/a
We can obtain the first plateaus for three systems
although the second ones are ambiguous.

0.5

0.0
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Summary

We study the structure of the scalar meson;
two-quark, molecular, tetra-quark or these mixing state?

e We calculate two-quark, molecular and tetra-quark propagators in
heavy quark systems.

e We perform the variational method for molecular and tetra-quark
propagators.

e The ratio of the molecular and the tetra-quark states in the lowest
mode changes with time-dependence.

e The effective mass of the lowest mode might have two plateaus for
the molecular state and the tetra-quark states.

e The two plateaus are needed to more check in a lager lattice size.

e The calculation 1s applicable to heavy quark (charm or bottom)
physics of search for four-quark states by tuning parameters.
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Two-quark operator logg = 1 @

@ two-quark operator for 0 meson

05°(t) = - X [mt0stxyuhty)
(105 ) (1)
S%(x,y) : Smearing function at timeslice t
T.Burch et al, Phys. Rev. D73 (2006) 094505
S =1 = Point Source l

S = 2 = Narrow Source _
(Gaussian shaped source)
S =3 = Wide Source

/\C
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Molecular operator laog ® lagg = 1 %

& pion operator

0T (t) = — Y d*(t,x)158(x,y)u’(t,y)
X,y a,b
OF (1) = > a*(t,x)SP(x,y)dty)
X,y a,b
1 —Qa a
OF () = =5 > [# (x5 (e y)e(ty)
X,y a,b

—d"(t,%)755¢" (x,y)d"(t,¥)|

€® molecular operator for & meson

0F°'* (1 % OF ()OF (1) - OF ()OF (1) + OF ()OF (@)
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Tetra-quark operator 3 . ©3..; = 198 @

4 diquark operator
udls(t) = 5 Z [ (t,x) Cys8( (%, y) d(t,y)

x,y b,c,d
~d™(t, %) 1S5 (x,y) u'(t,y)

C' : Charge conjugate matrix

& anti- diquark operator

adi(t) = 5 3 e [al(tx) CuSixy) d(ny)
xybcd
~d(t,%) CysS¢(x,y) Wt )

@ tetra-quark operator for o meson
OF™(t) = ) ludld(t)[ad)§(t)

a
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Experiment data

The scalar mesons

In experiments fo1710) J : Total angular
1500
\ {1g(1450) f0(1370) o1830) momentum
(12(1320' fo( ) P . Pal‘lty
44(1230) C : C-Parity
E a,(980)  £,(980) G : G-Parity
= 5(770) K(800) I : Isospin
0(600)
Two-quark : P=(+1)(-1)(-1)-
Four-quark : P=(+1)?(-1)?(-1)-
m(137) JPS(])
0" (1) 11’:;((11)) 2571 0ty 0% 0t (112)
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